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Abstract: Geometrical characteristics of obtained kerf are important quality indicators in laser cutting. Considering that they are differently affected by a number of factors, 
this study is focused on the analysis of kerf width and its variation in CO2 laser cutting of straight and curved cut profiles. For the purpose of analysis and modeling of possible 
curvatures in considered outputs, a three-level full factorial design with replication was performed by considering severance energy and nitrogen pressure, which play a key 
role in the mechanisms of melting and ejection of molten material from the kerf. Based on experimental results multiple analysis were conducted including the analysis of 
the effects of severance energy and nitrogen pressure on kerf width and its variation on both straight and curved cut profiles. Further, by developing four prediction models 
and using overlay contour plots, simultaneous analyses of the kerf width and its variation were performed for both profiles and favourable cutting conditions were identified. 
The obtained results and observations made indicated favourable conditions for kerf width minimization and its variation, which, however, do not coincide for both cutting 
profiles. 
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1 INTRODUCTION 
 

Kerf geometry is a very important quality performance 
for all contour cutting technologies. In laser cutting 
research and practice it is usually assessed in terms of kerf 
width (upper and lower), kerf deviation (unevenness) and 
kerf taper (cut perpendicularity). Among these, kerf width 
has been predominantly considered in empirical, 
theoretical, and numerical laser cutting investigations. It is 
a very important process indicator because it represents a 
basis for efficiency, productivity, and quality evaluation 
with regard to the selected conditions [1-3]. As noted by 
Alsaadawy et al. [4], it plays a key role in determining the 
overall performance of the laser cutting process. 

Kerf width represents the width of the cut opening 
(slot, groove) that is formed during the cutting process, 
which tends to be somewhat narrower at the laser beam exit 
side [5]. Kerf width values that can be achieved in laser 
cutting range from 0.1 to 0.5 mm [6]. The obtained kerf 
width depends on a number of factors, including material 
properties (metallurgical, thermal characteristics, 
reflectivity etc.), sheet thickness, laser beam properties, 
focal length, focus position, orifice diameter, stand-off 
distance, main control process parameters, etc. Among 
these, laser beam properties particularly play a significant 
role, not only regarding kerf geometry, but also process 
efficiency, productivity, and overall quality [7]. In 
addition, kerf width variations may be affected by the 
workpiece's surface conditions and contamination of 
focusing optics [8]. When comparing the two most 
common laser cutting methods in the industry, i.e., reactive 
and fusion cutting, cutting with nitrogen produces more 
uniform and narrower kerf [9]. Kerf width is often 
considered when highlighting the advantages of laser 
cutting technology over the other contour cutting 
technologies. Attainable kerf widths in abrasive water jet 
cutting and plasma arc cutting relative to the laser cut kerf 
width are in ratios of 3:1 and 4:1, respectively [8]. 

The process of laser cutting under the conditions which 
produce increased kerf width cannot be considered even 
near optimal because of the unnecessary excessive heat 
input into the sheet material and probable deterioration of 

the overall cut quality. Such conditions signal that it is 
probably possible to achieve higher productivity levels by 
an increase in the cutting speed which would decrease laser 
beam material interaction time, i.e. heat input, as well as 
kerf width. Achieving as small kerf width as possible is a 
more favourable case, because of material savings and the 
ability to maintain dimensional accuracy when cutting 
small features and sharp corners [10], but not necessarily 
the best. This is particularly related to laser fusion cutting, 
where too narrow kerf width prevents efficient melt 
ejection which creates the conditions for dross formation. 
Therefore, target kerf width needs to be adequately chosen, 
so as to improve the laser cutting process in terms of 
repeatability and reliability [8]. In addition, the selection of 
a particular laser cutting regime for the attainment of 
prespecified kerf width would simplify part programming 
and improve dimensional accuracy [11]. 

Because of its multiple significance, a number of 
studies have analysed how different factors affect kerf 
width in laser cutting of mild steel [12-15], stainless steels 
[14, 16-18], aluminum and its alloys [14, 19], composites 
[20, 21], titanium alloys [22], superalloys [23], copper 
[24], polymers [25, 26], wood [27, 28], granite [29], etc. In 
an attempt to optimize the laser cutting process, real time 
kerf monitoring systems are also being developed and 
implemented [30-32].  

Kerf taper refers to the perpendicularity deviation of 
cut surfaces, i.e., the distance between two parallel straight 
lines between which the cut surface profile is inscribed and 
positioned within the set angle [33]. It represents an 
inherent undesirable geometrical feature of laser cutting, 
mainly due to the converging-diverging laser beam shape 
[34], which affects the obtained feature dimensional 
accuracy [35]. Analysis and minimization of kerf taper is 
especially important for larger sheet thicknesses and can be 
achieved by properly focusing and selecting cutting 
parameters. It can be determined by direct measurements 
or indirectly by calculation, knowing the upper and lower 
kerf widths, and the thickness of the sheet. 

The actual laser cutting process is characterized by 
multiple stochastic phenomena, including temporal 
variations in laser output power, optical integrity 
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perturbations, fluctuations in absorbed power, assist gas 
pressure and flow fluctuations, plasma formation, variable 
melt film morphology and flow properties, etc. [12, 16, 36]. 
In addition, the noise effects, related to sheet thickness 
variation and material inhomogeneity, cause process 
variability, which is evident in different cut quality 
characteristics, including kerf deviation (kerf unevenness). 
Kerf deviation is often expressed as a difference between 
maximal and minimal kerf width along a section of cut [37, 
38]. Due to the fact that the uniformity of the cut is 
important for end product quality [13], some authors have 
considered analysis and optimization of kerf deviation. 
Chaki et al. [39] applied the Taguchi method along with 
multiple S/N ratios for multi-response optimization of kerf 
width and kerf deviation in Nd:YAG laser cutting of 
aluminum alloy. Grey fuzzy logic methodology was 
applied by Das et al. [40] to determine optimized 
conditions in Nd:YAG laser cutting of nickel-based 
superalloy with respect to kerf taper, kerf deviation and 
kerf width. Gautam and Pandey [41] applied multiple 
regression models and a teaching learning metaheuristic 
algorithm for kerf deviation minimization in Nd:YAG laser 
cutting of Kevlar-29 composite laminates. Rajamani and 
Tamilarasan [42] used fuzzy and regression models for 
predicting kerf deviation and material removal rate in 
Nd:YAG laser cutting of Ti-6Al-4V superalloy with 
respect to four processing parameters. Khoshaim et al. [43] 
analysed the effect of sheet thickness, laser power, assist 
gas pressure and cutting speed on kerf deviation in CO2 
laser cutting of polymethylmethacrylate. The analysis of 
kerf deviation in Nd:YAG laser cutting of a basalt-kevlar 
29-glass fiber based hybrid composite laminate was 
performed by Mishra et al. [44]. Artificial intelligence 
methods were applied by Najjar et al. [45] to model, 
analyse and optimize three kerf quality characteristics in 
Nd:YAG laser cutting of basalt fibers reinforced polymer 
composites. Singh et al. [22] applied Taguchi's 
optimization methodology for kerf quality characteristics 
optimization in Nd:YAG laser cutting of titanium alloy. 

Unlike analysis of kerf geometry on straight cut 
profiles, a very limited number of experimental, modeling 
and optimization studies have been reported regarding 
curved cut profiles. The following few studies have 
addressed this issue in Nd:YAG laser cutting of nickel 
based superalloy and titanium alloy. For optimization of 
kerf deviation, kerf width and kerf taper, Sharma et al. [37] 
applied Taguchi's optimization methodology, while Rao 
and Yadava [46] applied a hybrid approach, i.e., Taguchi 
methodology coupled with grey relational analysis. Fuzzy 
logic (FL) and grey relational analysis were used by Joshi 
and Sharma [47] for simultaneous optimization of kerf 
deviation and kerf taper. Pandey and Dubey [38] developed 
a fuzzy expert system, based on an integrated ANN-FL 
approach, for the prediction of kerf deviation and kerf 
width. Regarding CO2 laser cutting, Parthiban et al. [19] 
applied FL for modeling the relationships between process 
inputs and process outputs (kerf width and kerf deviation) 
in cutting curved cut profiles in aluminum alloy. Parthiban 
et al. [17] also made a comparison of kerf widths for 
straight and curved profiles in CO2 laser cutting of AISI 
316L stainless steel. 

From the viewpoint of practical application of the laser 
cutting technology, the multifold importance of kerf 

geometrical characteristics is clear. Given that kerf 
geometry depends on the cut profile [37], the aim of the 
present study is to analyse kerf width and its variation in 
CO2 laser cutting of stainless steel 316L considering 
straight and curved cut profiles. Unlike the majority of 
previous research studies, this study considers the kerf 
variation, expressed through the standard deviation, whose 
values were obtained by replicating the full factorial 
experimental design. The research is additionally 
motivated by the limited number of CO2 laser cutting 
studies dealing with this topic, particularly regarding the 
cutting of curved profiles. Since kerf quality characteristics 
can be improved by adequate determination of cutting 
conditions [40], empirical studies in laser cutting with 
appropriate application of design of experiments, modeling 
and optimization methods create conditions for a more 
comprehensive process analysis aiming at exploiting the 
full capabilities of the laser cutting technology. Moreover, 
it is of utmost importance for cost minimization and 
optimal utilization of available resources [48]. 
 
2 EXPERIMENTAL SETUP AND DETAILS 
 

A 2 mm thick AISI 316L stainless steel sheet 
(Marcegaglia, Italy) was used for experimentation. A CO2 
laser cutting machine Prima Power Domino Evoluzione 
(Fig. 1), with the maximal output power of 4000 W and 
0.03 mm positioning accuracy and repeatability, was used 
for cutting. The lens focal length, focus position, orifice 
diameter and stand-off distance were 190.5 mm, 2 mm,     
1.5 mm, and 0.7 mm, respectively. Focusing the laser beam 
to the bottom surface of the sheet is advantageous in laser 
fusion cutting of stainless steels and aluminium alloys to 
improve cut quality and reduce dross formation [8]. 
Nitrogen at a purity level of 99.999% was used as assisting 
gas to secure the cut quality and reliability. The cutting was 
performed with the circularly polarized Gaussian mode. 
 

 
Figure 1 The CO2 laser cutting machine used for experimentation 

 
In the experiment two control parameters, i.e., cutting 

speed (v) and gas pressure (p), were considered, while the 
laser power was kept constant at 3200 W. By varying the 
cutting speed at three levels (2, 3 and 6 m/min) it was 
possible to define three evenly spaced levels of the 
severance energy Es (48, 32 and 16 J/mm2). Severance 
energy can be defined as the ratio of the laser power to the 
product of the cutting speed and the sheet thickness. 
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Nitrogen pressure was also varied at three levels, thus the 
defined experimental design actually represents full 
factorial design 32, as shown in Tab. 1. This experimental 
design allows the modeling of quadratic relationships 
between inputs and considered process responses. To 
eliminate effects of any noise factors and minimize the 
systematic error, due to initial differences of laser cutting 
conditions in experimental trials, the randomization 
principle was applied [49]. Also, the experimental design 
was replicated to assess the process variability regarding 
the resulting kerf width. The initially used manufacturing 
settings, i.e., default currently used cutting conditions, are: 
cutting speed v = 3 m/min (Es = 32 J/mm2) and gas pressure 
p = 12 bar, corresponding to experimental trial No. 9. The 
laser cutting parameters are chosen to cover a wide range 
of severance energy levels while considering currently 
used processing conditions in production, general laser 
cutting recommendations and constraints regarding the 
realization of a complete cut in each experimental trial. All 
cut samples were cut at the same laser cutting machine 
according to previously defined laser cutting conditions 
and used experimental matrix [50]. 
 

Table 1 Tested laser cutting conditions in the experiment 
Trial 1 2 3 4 5 6 7 8 9 

Es / J/mm2 16 48 16 48 16 48 32 32 32 
p / bar 10 10 14 14 12 12 10 14 12 

 
For each laser cut specimen multiple measurements of 

kerf width along straight and curved cut profiles were 
made. The curved cut profile was cut at cut radius (R20). 
Measurement locations at three different positions along 
the straight cut and three different positions along the cut 
radius are shown in Fig. 2. As shown, kerf width along the 
straight cut was measured at distances of 15, 20 and 25 mm 
from the piercing point. Likewise, kerf width along the cut 
radius was measured at the three equally spaced points 
along the curved path (at central angles of 15°, 30° and 
45°). Measurement of kerf widths was performed with the 
optical coordinate measuring system (CMS) DeMeet 443 
with the resolution of 0.1 μm. This CMS combines 
telecentric optics and a Sony CCD colour camera for clear 
and high-quality images. The measuring principle is based 
on image digitization into an array containing information 
of the light intensity of each pixel [51]. The speed of data 
acquisition, high accuracy, precision, and ability to 
measure inaccessible places and small features represent 
the main advantages of the used CMS [52]. 
 

 
Figure 2 Kerf width measurement locations on the photograph of laser cut 

specimen 
 
3 RESULTS AND DISCUSSION 
 

The change in average kerf width values with respect 
to laser cutting conditions is given in Fig. 3. As expected, 
changes in considered parameters, especially severance 

energy, i.e., cutting speed, affect the resulting kerf width 
values. One can observe that for laser cutting regimes with 
high severance energy, i.e., using lower cutting speeds         
(v = 2 m/min, laser cutting trials 2, 4 and 6), kerf width 
becomes larger. The possible reason is that with an increase 
in the cutting speed, the laser beam and material interaction 
time is decreased as well as severance energy leading to a 
less melt volume. On the other hand, the effect of nitrogen 
pressure is less pronounced given that it does not contribute 
to material melting but only to melt removal from the kerf, 
in contrast to laser oxygen cutting. These relationships are 
valid for both cut profiles given the very similar kerf profile 
patterns obtained in the conducted experiment (Fig. 3). 
Moreover, it is interesting to notice that when cutting using 
higher severance energy levels, irrespective of the nitrogen 
pressure, wider kerf widths are obtained in curved cut 
profile. Only when using the lowest severance energy, 
irrespective of the gas pressure, kerf width in the straight 
profile is somewhat wider than in curved cut profile. 
 

 
Figure 3 Average kerf width values obtained in experimental trials 

 
Fig. 4 shows the effect of cutting regimes on the kerf 

width variation, i.e., standard deviation of kerf widths. As 
could be observed, there are significant variations in 
different laser cutting conditions, whereby the greatest 
variation corresponds to the combination of the highest 
severance energy and the highest nitrogen pressure. 
 

 
Figure 4 Kerf width variation obtained in experimental trials 

 
This observation coincides with the results of Balarin 

de Andrade et al. [30], who noted a significant variation of 
the kerf width values for lower cutting speeds. As 
explained by Yilbas [53], higher heat concentration is 
achieved at lower cutting speeds. This may lead to high 
temperatures that create thermal stresses damaging the 
workpiece surface, which may ultimately result in greater 
kerf variations along the cut. The conditions, in which the 
tendency to reduce the kerf width variation is evident, can 
be realized by different severance energy levels, but still 
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with lower to medium pressure levels (up to 12 bar). Chen 
et al. [54] observed that for particular stand-off distances 
the use of high assisting gas pressures may induce 
fluctuations of shear forces and pressure gradient, which 
ultimately hinder melt removal and negatively affect the 
cut quality. Bearing in mind the previous considerations, 
one can argue that the observations made are in accordance 
with the findings from the previous research. 

For the entire experiment, the mean effect of cutting 
profile on kerf width and its variation is illustrated in           
Fig. 5. It can be argued that regardless of the selected 
cutting parameters, kerf width is slightly narrower in the 
straight cut profile in comparison to the curved cut profile 
and one can expect better repeatability and uniformity due 
to a smaller variation. These indications agree well with the 
results of Sharma et al. [37], who noted that kerf 
unevenness is more likely to occur along the curved cut 
profile. When producing a full circle or a part of one (arc, 
radius), the CNC control must continuously change the 
ratios between the drive motors for each increment of arc, 
which represents an additional challenge for the computer 
beyond linear interpolation [55]. Therefore, drive motors 
synchronization and simultaneous coordinated movements 
in the XY plane while guiding the cutting head along a 
curve cut profile may additionally affect the accuracy of 
the laser cutting process. 
 

 
Figure 5 The effect of cut profile on kerf width and its variation in the experiment 
 

Using the experimental kerf data one can develop 
models for the prediction of kerf width and its variation (in 
terms of standard deviation σ) for both cut profiles and an 
arbitrarily chosen combination of severance energy and 
nitrogen pressure. By using the least square method one 
can develop the following quadratic empirical models: 
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Differences between the predicted and actual values 

for straight and curved cut profiles are quite acceptable 
given the high values of correlation coefficients. Analysis 
of the possible interaction effect of the severance energy 
and nitrogen pressure on kerf width and its variation for 
both cut profiles is based on overlay contour plots given in 
Fig. 6. For both straight and curved cut profiles, the 
dominant effect of the severance energy on the kerf width 
values is evident, whereas the effect of the nitrogen 
pressure is almost negligible, which confirms the 
previously made discussion. The resulting overlay contour 
plots reveal that there are no significant interaction effects 
of the considered input parameters as well as that changes 
in kerf width in straight and curved profiles have similar 
patterns. However, the contour plot shape for the curved 
cut profile is more of a concave type, indicating, for the 
same combination of severance energy and nitrogen 
pressure, a tendency of obtaining higher kerf width values. 

From the aspect of kerf width variation, it is evident 
from Fig. 6 that contour curves are nonlinear, indicating a 
pronounced interaction effect of the severance energy and 
nitrogen pressure on the resulting kerf width variation, both 
for straight and curved cut profiles. From the overlay 
contour plots one can also observe that, although the 
regions for simultaneous minimization of kerf width and 
its variation on straight and curved profiles may not 
necessarily coincide, combinations of higher severance 
energy and nitrogen pressure levels are not favourable for 
the minimization of kerf width and its variation. As 
concluded by Sharma et al. [37], the optimal combination 
of cutting parameter values may be entirely different when 
comparing cut profiles (straight and curved). The obtained 
results and analysis of contour plots also agree well with 
the findings of Parthiban et al. [17], who, based on the 
ANOVA results for kerf width for straight and curved 
profile, observed pronounced effects of cutting speed and 
laser power, i.e., severance energy, without significant 
two-factorial interactions of cutting speed, laser power and 
nitrogen pressure. 

Based on Fig. 6, one can expect that a further decrease 
in severance energy will result in a kerf width decrease. 
However, it is necessary to keep in mind the minimum 
required severance energy levels necessary to establish a 
continuous cutting front and avoid process disruption [34]. 
Also, particularly in laser fusion cutting, too large kerf 
width reduction prevents the efficient melt removal from 
the kerf and ultimately can promote dross formation. It 
should be noted that within the two-dimensional 
experimental space dross formation was not evident, 
probably due to appropriate focusing and a well-chosen 
process window of severance energy and nitrogen 
pressure. 

As previously mentioned, the default manufacturing 
setting (v = 3 m/min, Es = 32 J/mm2, p = 12 bar, 
experimental trial No. 9) yielded the average kerf width of 
Kw = 0.275 mm and the average kerf width variation of         
σ = 0.0035 mm, on both the straight and curved cut profile. 
At the same time, as previously observed from the 
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experimental results, a particular example, i.e., 
experimental trial No. 5 (v = 6 m/min, Es = 16 J/mm2,             
p = 12 bar) yielded the average kerf width of Kw = 0.241 
mm and the average kerf width variation of σ = 0.0049 mm, 

on both the straight and curved profile. It should also be 
emphasized that these two conditions significantly differ in 
terms of productivity rates given that twice the cutting 
speed is used in experimental trial No. 5. 

 

 
a) straight cut profile 

 
b) curved cut profile 

Figure 6 Overlay contour plots showing changes in kerf width Kw (       ) and its variation σ (       )  
 

Given that the cutting speed is in an indirect 
relationship with the width of the heat affected zone (HAZ) 
[12, 56], a zone of the base material with altered 
microstructure and mechanical properties due to generated 
heat [56], one can argue that it is also beneficial for 
securing high quality cutting of heat-sensitive sections [57] 
and avoiding undesirable effects of altered internal 
microstructure and properties within HAZ. This previous 
observation, but also others from the experiment, point to 
the fact that compromise solutions are needed regarding 
kerf width and its variation, but also other important laser 
cutting performances. To this aim, based on the developed 
empirical prediction models, prescribed allowable target 
values, and bounds on the mean kerf width and its standard 
deviation, one can formulate and solve multi-response 

optimization problems so as to identify more favourable 
cutting conditions. 

It is clear that the kerf width is technological parameter 
dependent on multiple process parameters, such as laser 
power, cutting speed, focus position, etc. and as such 
during the actual cutting operation cannot be altered. 
However, for the adopted laser cutting regime, and kerf 
width estimates for straight and curved cut profiles based 
on developed models, one can more accurately determine 
the tool radius which is used for altering the kerf position 
relative to the programmed cutting contour. Since this 
study analysed two kerf profiles, the tool radius can be 
estimated as the half average of the kerf widths along the 
straight and curved cut profiles. In this way one may ensure 
improved contour accuracy and tighter dimensional 
tolerances. 
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4 CONCLUSION 
 

The present paper focused on the analysis of kerf width 
and its variation in CO2 laser cutting of straight and curved 
cut profiles under different processing conditions. The 
main contribution is the analysis and modeling of the 
effects of severance energy and nitrogen pressure on the 
considered outputs, with the possibility to identify process 
windows for achieving a highly repeatable laser cutting 
process while meeting prespecified kerf width values. The 
following conclusions, based on the conducted analysis 
and experimental/modeling results, can be drawn: 

 The change in laser cutting conditions, in terms of 
severance energy and nitrogen pressure, cause a similar 
qualitative and quantitative change in the kerf width for 
both cut profiles (straight and curved), wherein kerf width 
in the curved cut profile is somewhat wider (on average 5% 
for the entire experiment). At the same time, the influence 
of severance energy is dominant, while the effect of 
nitrogen pressure is almost negligible. 
 Regarding the kerf width variation, it tends to be more 
pronounced for the curved cut profile, while for both cut 
profiles the combination of the highest severance energy 
and the highest nitrogen pressure results in the highest 
dispersion of kerf width data. In sum, for the given set of 
laser cutting parameters one can expect narrower kerf 
widths and better process repeatability when cutting 
straight profiles in comparison to curved profiles. 
 Analysis of the developed empirical models further 
reveals the existence of the interaction effect of the 
severance energy and nitrogen pressure on the resulting 
kerf width variation, making the nonlinearity regarding 
kerf width variation more pronounced than in the case of 
kerf width, for both cut profiles. 
 Experimental and empirical modeling results indicate 
that laser cutting conditions which would be the most 
favourable for the minimization of four considered outputs 
(kerf width and its variation along straight and curved cut 
profiles) do not necessarily coincide. This clearly indicates 
a need for multi-response optimization, not necessarily 
focused only on kerf geometry but also on other important 
performances, particularly in the case of laser series cutting 
of different features with multiple geometrical 
characteristics of various dimensions.  

In addition to the analysis focused only on kerf width 
and its variation of straight and curved profiles, the 
limitation of this study is related to the consideration of a 
single curve profile, single sheet material type and 
thickness and low experimental dimensionality. The 
consideration of these issues will guide future research. 
Still, the conducted research and applied methodology 
represents a basic step in an effort to obtain more uniform 
kerf width of specified size along with minimal variations, 
which is very significant from the industrial practice point 
of view. 
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